Sheepbed Formation, NW Canada
Ediacaran strata in NW Canada are exposed in the Ogilvie Mountains, the Wernecke Mountains, and the Mackenzie Mountains. The succession has traditionally been envisioned to have been deposited along an open, continental margin that developed in response to rifting of Rodinia about 780 to 700 Ma ago (e.g., Eisbacher, 1981; Jefferson and Parrish, 1989) . However, recent studies suggest a more complex tectonostratigraphic evolution based on major facies changes (Aitken and Narbonne, 1989; Narbonne and Aitken, 1995) , large overlapping unconformities (MacNaughton et al., 2000) , and late Ediacaran syn-rift volcanics in the southeastern Canadian Cordillera (Colpron et al., 2002) . The Sheepbed samples studied here come from a ca. 450-m-thick section (section M106 in Macdonald et al., 2013) at NE Profeit, Wernecke Mountains. Here, the Sheepbed Formation conformably overlies the post-Marinoan Raventhroat cap dolostone . The Sheepbed Formation comprises hundreds of meters of fissile black shale. Samples included in this study come from the lower ∼100 m of the unit and are estimated to have been deposited between 635 and 630 Ma. Siltstone and carbonate beds are missing from the sampled interval and no evidence for deposition at or above storm wave base is present. A more detailed description of the Sheepbed Formation and the Ediacaran succession in NW Canada can be found in Macdonald et al. (2013) .
A global signal of bacterial sulfur disproportionation
In order to evaluate the global importance of bacterial sulfur disproportionation, we measured the sulfur isotopic composition of post-Marinoan samples from three different basins. The basins are spread across Rodinia (Fig. DR1 ). All three sample sets show evidence of bacterial disproportionation of intermediate sulfur compounds.
Sulfur isotope analyses
Reduced inorganic sulfur in crushed shale samples was extracted by chromium reduction (Canfield et al., 1986) . Depending on sulfur content, 0.2-15 g of sample powder was weighed into reaction vessels that were subsequently flushed with N 2 . 15 ml of 6 M HCl was added Li et al. (2013) .
to the reaction vessel, followed by 15 ml of 1 M chromic chloride solution prepared with 0.5 M HCl. The reaction vessels were heated to near-boiling and the reaction was performed for 2 h. Pyrite-sulfur, elemental sulfur, and acid-volatile monosulfides (AVS) are reduced to H 2 S. Regular tests by adding only 6 M HCl assured that AVS did not occur in our samples (as common in ancient shales; Sperling et al., 2013) . The N 2 carries the H 2 S through a water trap (to remove acid contaminants) and finally through a zinc acetate solution (4% w/w). H 2 S was quantitatively precipitated as ZnS. 1 ml 0.1 M AgNO 3 was added to the zinc acetate solution to convert the ZnS to Ag 2 S. This reaction was carried out overnight in the dark. The Ag 2 S was separated from solution by filtration on a 0.45 µm cellulose filter, attached to a 15 ml chimney, washed with one volume equivalent MQ-H 2 O, one volume equivalent NH 4 OH, and finally again with three volume equivalents MQ-H 2 O. The Ag 2 S was dried overnight at 80℃.
About 3 mg of Ag 2 S were reacted in a nickel vessel overnight at about 250℃ in the presence of excess F 2 . The SF 6 generated was first purified by cryo-separation at -120℃. A second purification step was carried out by passing the SF 6 through two gas chromatography columns (∼ 2 m Haysep Q and ∼ 2 m Molsieve 5A) with ultrapure He as carrier gas at a rate of 20 ml/min. The SF 6 peak was isolated from contaminants and the carrier gas by trapping it on a cold finger at -192℃. The isotopic composition was measured on a
ThermoFinniganMAT 253 dual-inlet gas-source isotope-ratio-mass-spectrometer. Sulfur isotope ratios were determined by measuring the ion beam intensities of 32 SF All results are reported using delta notation relative to the Vienna-Cañon Diablo Troilite (V-CDT) international reference scale. On V-CDT scale, the δ 34 S and ∆ 33 S values of the Ag 2 S reference material, IAEA-S-1, are defined as -0.3 and 0.094 , respectively (Ding et al., 2001) . The reproducibility (1σ) of analyses (replicate samples) is estimated to be better than 0.1 and 0.015 for δ 34 S and ∆ 33 S, respectively.
Results from the Neoproterozoic succession in Svalbard are shown in Tab. DR1. Results from the Belt Supergroup (USA), the Black River Dolomite (Tasmania), Sheepbed Formation (Canada), and literature data from the Zaonega Formation (Russia) and Animikie Group (Canada) are shown in Tab. DR2.
Tab. DR 1. Total carbon (TC), total inorganic carbon (TIC), total organic carbon (TOC), S (all element data from Kunzmann et al. (2015) ), and sulfur isotope data from Neoproterozoic shales in Svalbard. To avoid rounding errors, we report carbon data with two digits. All analyzed samples were deposited in oxic to anoxic-ferruginous environments. Therefore, we assume that pyrite formation predominately took place in pore waters with excess iron. We compiled published data from samples that were also deposited under oxic to anoxic-ferruginous conditions. Iron speciation, redox-sensitive trace metal concentration or, if available, both types of data were used to constrain redox conditions during deposition.
Section Height
Redox data are listed in Tab. DR3 and iron speciation data are also presented in Fig. DR2 .
We do not show redox data from samples of the Animickie Group (Johnston et al., 2006) because all samples are banded iron formation (BIF), suggesting that pyrites were formed in pore waters with excess iron. (2014) and Kunzmann et al. (2015) . Samples with an FeHR/FeT ratio between 0.18 and 0.38 were either deposited in anoxic or oxic environments. Mass balance requirements dictate that not all anoxic samples can be enriched in highly reactive iron. Enrichments can also be muted by rapid sedimenation (Poulton and Canfield, 2011) .
Tab. DR 3. Iron speciation and redox-sensitive trace metal data from newly analyzed samples and literature data (Planavsky et al., 2011; Scott et al., 2014; Kunzmann et al., 2015) ). All samples were deposited in non-euxinic environments. Samples from the Animickie Group (Johnston et al., 2006) are not listed because they are BIF, which implies that they were deposited under non-euxinic conditions. 
General assumptions
All analyzed and compiled multiple sulfur isotope data are from samples deposited in non-euxinic environments (Fig. DR2, Tab. DR3 ). Therefore, we assume that pyrites were formed in pore waters in the presence of excess iron. Thus, we assume rapid and irreversible pyrite formation, and, if present, rapid bacterial sulfur disproportionation (BSD). We model the isotopic composition of pyrites based on a model for sulfate concentration in pore waters (Berner, 1964) . This model assumes steady state conditions and that the initial concentration of sulfate in pore waters at a specific depth mostly reflects the sum of three processes: diffusion, deposition plus compaction, and microbial sulfate reduction (MSR) (Berner, 1964) : (1) can be re-written for the isotope of interest, ignoring 36 S due to its low abundance of only 0.02% (Rosman and Taylor, 1998) , and the isotopic composition of sulfate at any given depth is
here i equals 3, or 4.
The sulfur isotope composition of pore water sulfate and the sulfur isotope fractionation factor
The δ 3i S of pore water sulfate is a function of δ 3i S composition of seawater at the seafloor, sulfate reduction rate constant (k), sedimentation rate (ω) and S isotope fractionation factor (α) produced by sulfate reducing bacteria. This fractionation factor is defined as the ratio of sulfate reduction rate (SRR) of less abundant isotopes ( 33 S or 34 S) over the abundant isotope 32 S normalized with corresponding isotope concentration
The ∆ 33 S of pore water sulfate is calculated based on δ 33 S, δ 34 S and the slope 33 λ of the terrestrial mass fractionation line
The sulfur isotopic composition of pore water sulfide and pyrite
The S isotopic composition of instantaneous H 2 S produced by sulfate reducing bacteria is calculated using ratios of sulfate reduction rates at corresponding depth
Pyrites preserve the isotope signature of accumulated H 2 S, which varies from instantaneous H 2 S composition to seawater sulfate composition (when all sulfate is reduced to sulfide).
Model parameters, model runs, results
We can account for the isotopic consequences of a re-oxidative sulfur cycle, i.e. bacterial disproportionation of intermediate sulfur compounds. A contribution of a re-oxidative sulfur cycle to the final composition of pyrite would result in 33 λ net (representing the combined effects of MSR and BSD) values >0.5145 (Farquhar et al., 2003; Johnston et al., 2005; Sim et al., 2011a) . Tab. DR4 summarizes the used parameters in our numerical model and Fig.   DR3 shows a graphical representation of the model. By considering a range for δ 34 S and ∆ 33 S values for the starting composition of seawater sulfate, we indirectly include the impact of varying Proterozoic sulfate concentrations.
Changing sulfate concentrations, however, do not directly affect our results as they simply control the depth of sulfate penetration for a given pair of k/ω values. This simply controls where in the sediment column pyrite would be produced but does not affect its predicted isotopic compositions.
Sensitivity tests
We performed additional sensitivity tests to explore the effects of variation in α net (Fig.   DR4 ) and k/ω (Fig. DR5) .
We varied α net between 0.97 and 0.93 (Fig. DR4) , using the same δ 34 S and ∆ 33 S values for the starting sulfate composition and a λ net of 0.513. In contrast to our preferred α net of 0.95 ( Fig. 2; DR4b) , an α net of 0.97 is too small to reproduce most of our data (Fig. DR4a) .
As expected, an α net of 0.97, i.e. an net of 70 (the highest possible fractionation between sulfate and sulfide, which is rarely observed), produces a very large model field (Fig. DR4c) .
However, it does not reproduce the trend in our pre-Marinoan data set. Furthermore, the post-Marinoan data from the Dracoisen Formation can only be reproduced when the composition of the starting seawater sulfate is set to have negative δ 34 S and ∆ 33 S (Fig.   DR4c ). Such a composition is inconsistent with the recently determined positive δ 34 S and ∆ 33 S composition of the post-Marinoan seawater sulfate reservoir (Crockford et al., 2016; Sansjofre et al., 2016) . Therefore, we conclude that an α net of 0.95 produces the best model solution. Using an α net of 0.97 and setting the starting sulfate composition to values of the post-Marinoan sulfate reservoir, the model is not able to reproduce either the pre-or post-Marinoan data (Fig. DR4d) .
Although difficult to constrain in ancient environments, we assume a k/ω of 0.1 considering the depositional environment of our samples. This value compares well with data compiled by Canfield (1989) . Varying k/ω between 0.07 and 0.5 only leads to minor shifts in the isotopic composition of accumulated pyrite (Fig.DR5) .
Estimating sulfide re-oxidation rate
We estimate the mininum sulfide oxidation rate with a recent model of re-oxidative sulfur cycling in sediments of Mangrove Lake, Bermuda ( Fig. DR6 ; Pellerin et al., 2015) . A graphical application of this model suggests a minimum sulfide re-oxidation of 80% (Fig.   DR6 ). The model presented in Fig. DR6 also quantifies the proportion of the reaction solely caused by MSR ( 34 msr ) to ca. 38 , a value consistent with the most recent culture experiments (Leavitt et al., 2013) . Pellerin et al., 2015) . The grey field represents isotopic fractionations by pure cultures of sulfate reducers (Johnston et al., 2005; Sim et al., 2011a,b; Leavitt et al., 2013) . Arrows indicate the direction of increasing fractionation by microbial sulfate reduction 34 msr and fraction of sulfide re-oxidation (φreox). The x-axis shows the net fractionation ( 34 net), including sulfate reduction and sulfur disproportionation. The bold lines of the grid indicate the fractionation associated with microbial sulfate reduction alone, where the fraction of re-oxidation is zero. The other set of lines traces the flux of sulfide that is re-oxidized. We identify the fraction of re-oxidized sulfide by moving the grid to maximum 33 λnet values observed for microbial sulfate reduction. The model indicates sulfide re-oxidation of >80%.
We estimate the magnitude of rising Ediacaran seawater sulfate levels with a simple model developed by Canfield and Farquhar (2009) . The model assumes steady state, i.e. that the flux of sulfur into the ocean equals the flux out:
Sulfur leaves the ocean either as evaporite deposits (sulfate) or as pyrite (sulfide). Pyrite burial depends on the production of sulfide through microbial sulfate reduction (MSR) and the proportion of this sulfide that becomes buried in the geological record, described by the factor x. This means:
where evap stands for the sulfur removed as evaporite deposits. MSR rate depends on the availability of reactive organic matter as electron donor and the concentration of sulfate.
This gives:
where OC represents reactive organic carbon, a is a constant of proportionality, and y is an exponential factor. Equation 6-8 can be combined and as result a simple equation for seawater sulfate is generated: Canfield and Farquhar (2009) argue that the availability of reactive organic carbon unlikely changed much over the Precambrian, thus they ignore OC in equation 9. If the flux of sulfur into the ocean does not change, and the formation of evaporites is ignored, sulfate levels are controlled by the factors x and y. Considering the onset of a re-oxidative sulfur cycle at one point in time, the equation can be modified to:
where subscripts i and j denote after and before onset of a re-oxidative sulfur cycle, respectively. The size of the seawater sulfate reservoir, as well as the flux into the ocean, do not significantly change the magnitude of the increase in seawater sulfate concentration, they only change the response time to the onset of re-oxidative sulfur cycling (Canfield and Farquhar, 2009 Garrels and Lerman (1981) identified that a y value of 0.3 represents the best fit for the relationship between sulfate concentration and sulfate reduction rate. Varying the exponential factor y between 1 and 0.3 suggests an increase in seawater sulfate concentration by a factor of 5 and ∼200.
